Whole-body small-animal imaging is widely used in biomedical research for studying and modeling human disease. 1 However, most whole-body small-animal imaging modalities, such as magnetic resonance imaging (MRI), 2 positron emission tomography (PET), 3 and x-ray computed tomography (CT), 4 have limitations. For example, MRI requires an expensive high magnetic field and long imaging time, and x-ray CT and PET utilize ionizing radiation, which may confound longitudinal experimental results. [5] [6] [7] Recently, there has been increased interest in whole-body small-animal photoacoustic tomography (PAT). In PAT, photons are absorbed by biomolecules in tissue, and subsequently the converted heat produces ultrasonic pressure waves via thermoelastic expansion. 8 By detecting these pressure waves, PAT yields high-resolution images in both the ballistic and diffusive optical regimes. 9, 10 Over the past few years, multiple wholebody small-animal PAT systems have been implemented using different acoustic coupling media, light delivery systems, and acoustic detection designs. [11] [12] [13] [14] [15] [16] However, due to their limited detection views, linear array photoacoustic CT, 17 hemispherical array photoacoustic CT, 18 and half-ring multispectral optoacoustic tomography (MSOT) 13 generally require rotating the animal to achieve full view detection. Moreover, MSOT with fiber bundles illumination lacks uniformity in light delivery, which affects image quality. In 2011, we introduced ring-shaped confocal photoacoustic CT (RC-PACT), 14 which utilizes full-ring light illumination and full-ring acoustic detection to address these issues. However, similar to other whole-body small-animal imaging systems, RC-PACT still uses water as a direct-contact coupling medium, which can induce anxiety 19, 20 and waterimmersion wrinkling in mice. 21 Both of these factors can render physiological measurements inaccurate in various ways, such as by decreasing T-cell blastogenesis, 19 altering blood flow velocity, 21 and inducing vasoconstriction. 21 Here, we report a ringshaped dry-coupled confocal photoacoustic CT system (RDC-PACT) that overcomes these limitations. RDC-PACT uses a tubular elastic latex membrane animal holder to achieve dry coupling and employs free-space full-ring light delivery to provide high fluence and uniform illumination. As shown in Fig. 1(a) , the system uses a solid-state laser (DLS 9050, Continuum) with a 7-ns pulse duration and 50-Hz pulse repetition rate. The laser beam passes through a conical lens (cone angle 130 deg, Delmar Photonics) to form a ring-shaped light beam and is homogenized by an optical diffuser (EDC-5, RPC Photonics). The beam is focused by a homemade acrylic condenser to achieve full-ring light delivery. The maximum light intensity at the surface of the animal is ∼20 mJ∕cm 2 at 1064 nm (The pulse energy we used for in vivo experiments was 70 mJ, the width of the mouse trunk is ∼22 mm, and the height of the ring beam on skin is ∼5 mm. Assuming that the mouse trunk was a cylinder shape, we then estimated that the surface fluence was ∼20 mJ∕cm 2 ), which is below the safety limit set by the American National Standards Institute (ANSI). 22 The generated photoacoustic waves are detected by a custom-made 512-element full-ring ultrasonic transducer array with a 5-MHz central frequency (>84% oneway detection bandwidth, Imasonic SAS). Each element has a cylindrical focus (0.2 NA, 20-mm element elevation size, 0.61-mm pitch, and 0.1-mm interelement spacing). Compared to the existing RC-PACT system, 14 the RDC-PACT system employs a larger full-ring ultrasonic transducer array (10 versus 5 cm in diameter), which can accommodate larger animals. The system provides ∼0.1-mm in-plane resolution and ∼1-mm elevational resolution. Raw channel data from each element are digitized in parallel using a 512-channel data acquisition system (four SonixDAQs, Ultrasonix Medical ULC, each 128 channels, 40-MHz sampling rate, and 12-bit dynamic range). Images are reconstructed using the universal backprojection algorithm. 14 A detailed view of the animal holder is shown in Fig. 1(b) . The upper and lower animal mounting bases are aluminum tubes, and the upper base is connected to the anesthesia gas supply tube. The aluminum tubes are fastened to fixed metal rods (Mini-series mounting post, Thorlabs) and moved by a onedimensional stage (LP28, Parker). The animal is secured by taping its fore and hind legs to the aluminum tubes. Ultrasound gel is then applied to the animal's skin. The rigid design of the metal rods and aluminum tubes minimizes holder movement caused by animal motion such as respiration. A detailed view of the membrane and water tank is shown in Fig. 1(c) . The water is confined by four O rings and the tubular membrane, and the animal is placed upright inside the membrane tube, which prevents direct water contact. Moreover, the thin membrane (∼20 μm in thickness) minimizes light and sound attenuation. The gel layer potentially contains bubbles, which distort and reflect ultrasound signal, causing reconstruction artifacts. To mitigate these, the closed water tank design allows pressurization that minimizes the gap between the mouse skin and membrane, achieving the best possible coupling. The water pressurization also stabilizes the imaging region without stressing the entire animal by using fiber glass rods or thin wires in tension, as employed in previous whole-body small-animal imaging systems.
14 Moreover, the dry coupling system can potentially be rotated 90 deg and the animal mounted horizontally, similar to a CT or MRI scanner. The animal can be laid on an imaging bed that can be quickly slid in and out. The closed water tank also avoids contamination from animal waste during experiments, simplifying system maintenance.
14 Moreover, the system can also be easily switched to water coupling by removing the membrane [ Fig. 1(c) ] and sealing the bottom with a flexible membrane.
To experimentally compare traditional water coupling and dry coupling in RDC-PACT, we imaged a healthy mouse (Hsd: Athymic Nude-Foxnl NU , Harlan). All the experimental procedures were carried out in conformity with laboratory animal protocols approved by the Animal Studies Committee at Washington University in St. Louis. Throughout the experiment, the mouse was maintained under anesthesia with 1.5% vaporized isoflurane. The same excitation, acquisition, and reconstruction settings were applied to both water coupling and dry coupling experiments. Water-coupled images are shown in Figs. 2(a) and 3(a) . Dry-coupled images are shown in Figs. 2(b) and 3(b). Both water-coupled and dry-coupled images were acquired at 1064 nm, where endogenous hemoglobin is the main contrast. All the images clearly show the liver, spleen, and kidneys. Moreover, the entire vascular structure within the organs is visible, including the renal artery and venous loop. Further, the spinal cord, backbone muscle, gastrointestinal (GI) tract, superior mesentery vein, and vena cava are clear.
We have experimentally measured the in-plane resolution by imaging tungsten wires (30 μm in diameter). The quantified resolution is 125 μm, as shown in Fig. 2 . Next, we examined whether dry coupling could achieve the same image quality as traditional water coupling. To better compare the image quality, we plotted the contrast-to-noise ratio (CNR) from several features in the liver region [ Figs. 3(a) and 3(b) ], with closeups highlighting one typical feature. Remarkably, both water coupling and dry coupling had similar CNRs (28.8 and 30.4, respectively) in the overall liver region [ Fig. 3(c) ]. The CNR was calculated as the peak-to-peak PA amplitude in the region of interest (ROI), divided by two times the standard deviation of the background amplitude, where the ROIs are labeled by the red and blue squares in Figs. 3(a) and 3(b) . Next, we compared the kidney region (Fig. 4) , where more organs can be imaged. The CNR values here (dry coupling, 11.0; water coupling, 10.3) show that dry coupling can maintain the image quality. The comparable CNRs indicate that dry coupling can successfully remove bubbles in the gel layer by pressurization.
To demonstrate the capability of continuous whole-body small-animal dry-coupled scanning, we imaged a mouse over a 26-mm length, from the kidney to the heart region. A series of in vivo images is shown in Video 1. For comparison, the same images were also acquired in water coupling and are shown in Video 2. When pressurization was applied, dry-coupled scanning caused less movement during elevational scanning.
In comparison with earlier whole-body small-animal PAT systems, the specific design of the water tank eliminates water-induced stress and wrinkling. Moreover, our RDC-PACT, based on confocal full-ring light delivery, enables fast full-view cross sectional imaging. In contrast, half-ring, 12 and hemispherical array 18 based PAT systems have limited detection views and associated image reconstruction artifacts. In addition, the half-ring-based system envelops the whole mouse in membrane, 13 while in our system only the region being imaged is in contact with the membrane and coupling gel. Therefore, our system facilitates access to the animal's lower body by additional sensors, such as lead II and lead III of an ECG 23, 24 to monitor the heart rate and impedance pneumography leads to measure respiration. Because most of the body regions are accessible in our system, we can also easily perform intraperitoneal injection or vein injection at the mouse's fore and hind paws and tail. 
